Abstract. This paper was designed to assess the value of quality by design (QbD) to improve the manufacturing process understanding of botanical drug products. Ethanol precipitation, a widely used unit operation in the manufacture of botanical drug products was employed to illustrate the use of QbD, taking the process of danshen (the dry root of Salvia miltiorrhiza Bunge) as an example. The recovery of four active pharmaceutical ingredients (APIs) and the removal of saccharides were used to represent the performance of ethanol precipitation. Potentially critical variables, including density of concentrate, ethanol consumption, and settling temperature were identified through risk assessment methods. Design of experiments (DOE) was used to evaluate the effects of the potentially critical factors on the performance of ethanol precipitation. It was observed that higher density of concentrate leads to higher removal of saccharides, but results in lower recovery of APIs. With the rise of ethanol consumption, the recovery of different APIs behaves in different ways. A potential design space of ethanol precipitation operation was established through DOE studies. The results in this work facilitate the enhanced understanding of the relationships between multiple factors (material attributes and process parameters) and the performance of ethanol precipitation. This case study demonstrated that QbD is a powerful tool to develop manufacturing process of botanical drug products.
INTRODUCTION
Botanical drugs have been widely used to treat diseases for thousands of years and have made a great contribution to human health. Botanical drugs are used not only in the way of single herbal medicine, but also usually practiced in the form of formulated preparations, which consist of several ingredient herbs in a special ratio (1) . Therefore, botanical drugs are fairly complex mixtures containing hundreds of chemical compounds, many of which are considered as bioactive components.
The manufacturing process for the botanical drug products is complex and involves many unit operations. These operations are usually multivariate and the relationships between input material attributes, process parameters, and critical quality attributes (CQAs) of final products are difficult to establish due to the complex chemical constitution in botanical drugs. Traditionally, the manufacturing process of botanical drug products is performed mainly based on experience. In this mode, the effects of process variables on the product CQAs are not well understood scientifically, and the process variables usually run without proper control strategies. Consequently, the quality of final products often suffers from high variability. Therefore, enhanced understanding of the relationships between material attributes, process variables, and product CQAs is crucial to improve the manufacturing performance of botanical drug and produce desirable products with acceptable quality.
Recently, the concept of quality by design (QbD) has become a topic of high importance in pharmaceutical industry to develop robust processes and products. As defined in International Conference on Harmonization (ICH) Q8 guideline (2), QbD is a "systematic approach to development that begins with predefined objectives and emphasizes product and process understanding and process control, based on sound science and quality risk management". It is concerned with desired and predetermined specifications through relating the critical material attributes and critical process parameters to the CQAs of drug product (3) . This approach involves all aspects of a pharmaceutical product from the properties of active components to the quality system. Under the QbD paradigm, pharmaceutical quality is assured by understanding and controlling formulation and manufacturing variables (4) . Therefore, implementing drug development in the framework of QbD will benefit the pharmaceutical industry, the regulation agency, and most importantly the target patient population (5) .
Considering the fact that experience-based methods are dominantly used during the current manufacture of botanical drug products, which fail to improve process understanding due to the complex chemical constitution and multiple process variables, it is meaningful to develop manufacturing process under the framework of QbD, which aims to move the formulation process away from empirical trial-and-error approaches and to orient the processes into predictable and precisely controlled environments to ensure product quality within the life cycle (6) . This work illustrated the application of QbD principles to the process development of botanical drug products, using ethanol precipitation, which is one of the most commonly used purification methods in manufacturing botanical drug products. Based on prior knowledge, ethanol precipitation is usually identified as a critical unit operation, which may significantly impact on downstream processes and the CQAs of final products. During this operation, a large amount of impurities with poor solubilities in ethanol, such as saccharides, proteins, and salts are removed. On the other hand, it also causes the losses of some bioactive components (7, 8) . The contents of impurities and active pharmaceutical ingredients (APIs) in resulted supernatant are regarded as the intermediate CQAs in ethanol precipitation, and are directly related to product CQAs, including the content of hazardous substances and the purity of APIs, which are directly linked to the safety and efficacy of final products. These intermediate CQAs are highly influenced by different factors, such as input material attributes, ethanol content, and precipitation temperature (8) (9) (10) . A poorly controlled operation may lead to the change of intermediate CQAs, which likely results in a high variability in the quality of final products. Therefore, enhancing process understanding and developing control strategies of ethanol precipitation are of great importance to improve batch-tobatch consistency and final product quality for the industry of botanical drug products.
MATERIALS AND CHEMICALS Materials
Danshen, the dry root of Salvia miltiorrhiza Bunge, is one of the most popular botanical drugs to treat hyperlipoidemia, cerebrovascular, and cardiovascular diseases in China. Many chemical and pharmacological studies have demonstrated that phenolic compounds are the major active components in danshen (11) (12) (13) . In this work, the ethanol precipitation process in the manufacture of a danshen preparation was exemplified to illustrate the use of QbD. The presence of multiple bioactive substances is typical of botanical drugs, and the efficacy of botanical drug products depends not only on individual active component, but also usually on the synergistic effects of several components (14) (15) (16) . Therefore, four main active phenolic compounds existent in danshen, including danshensu (DSS), rosmarinic acid (RA), protocatechuic aldehyde (PA), and salvianolic acid B (SAB) (11) (12) (13) were selected here as the examples to compose the APIs.
Chemicals
Standard substances of DSS, RA, PA, SAB, and glucose were purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). The acetonitrile (HPLC grade) was purchased from Merck (Darmstadt, Germany). Deionized water was produced by a Milli-Q academic water purification system (Milford, MA, USA).
METHODS

Process and the Performance Criteria for Ethanol Precipitation Operation
The drug product involved in this work is a dripping pill preparation, which is made by blending the herbal extract with excipients under thermal condition followed by dripping the mixture into an insoluble cooling liquid in which the droplets are solidified to form the "dripping pill" (13) . The manufacturing process of this product involves extracting bioactive components from raw materials, concentration, ethanol precipitation, blending, dripping pelletization, heat drying, and coating, as shown in Fig. 1 . The extraction process is performed using a boiling water decoction at the temperature of about 100°C. For reducing ethanol consumption in ethanol precipitation process, the water extract is then treated by a concentration operation conducted under reduced pressure at the temperature of about 80°C to obtain the concentrate, which is used as the input material for ethanol precipitation. The process of ethanol precipitation consists of two steps. The first one is the addition of ethanol to concentrate and the second one is a refrigeration procedure to further precipitate impurities. After this operation, supernatant is collected, and the ethanol contained in the supernatant is removed by another concentration process.
The recovery of APIs can be applied to describe the impact of ethanol precipitation on the content change of active components, which is defined as following equation:
Recovery of APIs ¼ mass of APIs in supernatant mass of APIs in concentrate
There are several saccharides contained in danshen, such as glucose, fructose, and sucrose (17) , which can be heavily extracted by hot water. These saccharides are required to be removed during ethanol precipitation process for two reasons. Firstly, saccharides are not regarded as bioactive components. Therefore, removing saccharides can improve the purity of APIs and reduce the drug dosage of final product. Secondly, in high-temperature operations, saccharides could slowly degrade to form 5-(hydroxymethyl)-2-furancarboxaldehyde (5-HMF) (18) . It has been reported that 5-HMF appeared to be a weak cytotoxic compound and would act genotoxic effects at rather high concentrations (19) . Therefore, from a safety perspective, the content of this substance in final product is suggested to be controlled within a limit (8) . It is inevitable that a small amount of 5-HMF could be formed during the preceding processes, such as extraction. In order to reduce the amount of 5-HMF generated in downstream processes, the saccharides need to be removed.
The capability of ethanol precipitation to remove saccharides is described using following equation:
Removal of saccharides ¼ 1 À mass of saccharides in supernatant mass of saccharides in concentrate
The recovery of APIs and the removal of saccharides are directly related to the intermediate CQAs, which are the contents of APIs and impurities, respectively. Therefore, the scientific understanding of the effects of various operating factors on the recovery of APIs and the removal of saccharides is crucial to improve the process knowledge of ethanol precipitation.
Identification of Potentially Critical Factors
A number of factors may impact the performance of ethanol precipitation. The first step toward process characterization studies is to identify factors and to assess the risk of them to the process. Quality risk assessment tools, such as fishbone diagram or failure mode and effects analysis (FMEA) can be used to quantify the degree of risk related to various variables (20) . An Ishikawa diagram analysis here was performed, in accordance with ICH Q9 guideline (21) , to identify an initial list of potential factors that influence the recovery of APIs and the removal of saccharides (Fig. 2) . It can be seen that five main causes, including environment, attributes of material (concentrate), equipment, ethanol addition process, as well as refrigeration procedure and the associated subcauses were identified.
Then, a FMEA was conducted to quantify the risk of each potential factor and to estimate the impact of each cause on the process, producing high-risk factors for further characterization studies. The quantification of risk was performed through ranking the severity (S), probability (P), and detectability (D) of each parameter, as listed in Table I . In our method, severity is the measure of how strongly the specific parameter could impact on the process. The probability of occurrence is defined as the likelihood that the parameter could fail. Detectability is described as the ability to timely detect a failure in that parameter. For each factor, scores for S, P, and D are multiplied, yielding a risk priority number (RPN) on a scale from 1 to 36. Any factor with the value of RPN above 10 was selected for subsequent process characterization studies. Table II shows the results of our risk analysis, which achieved based on prior knowledge and historical data analysis. It can be seen that three potentially high-risk factors were identified, which were the density of concentrate, ethanol consumption, and settling temperature in the refrigeration procedure. The effects of these factors on the performance of ethanol precipitation were further investigated in this work.
Experimental Design
The design of experiments (DOE) was used to evaluate the effects of the three potentially high-risk factors, including density of concentrate (in grams per milliliter), ethanol consumption (in milliliters of ethanol per milliliter of concentrate), and the settling temperature (degree Celcius) on the recovery of APIs and the removal of saccharides. The ultimate goal of DOE was to achieve enhanced process understanding and establish the design space of ethanol precipitation. A response surface methodology of Box-Behnken design with four center points (total 16 runs) was chosen to perform the study, as shown in Table III . All DOE runs were conducted in a random order. The true values of these three variables in experiments were firstly coded in the range of −1 to 1, which are shown in Table IV . Then, the coded values were used to develop models and analyze the effects of these variables. The statistical analysis was based on the confidence level of 0.95. The DOE and the data analysis were conducted in Design 
Ethanol Precipitation
In this study, the DOE runs were performed in lab scale. The concentrates with different density were prepared at 100 ml scale for each run. During the process of ethanol precipitation, 95% ethanol solution (v/v) was pumped into the concentrate at the flow rate of 10 ml/min under a continuous stirring (400 rpm). As soon as the consumption of ethanol reached the designed amount, the ethanol addition process was stopped. The mixtures then was sealed and refrigerated at planned temperature for 24 h. Finally, supernatant was collected and analyzed to evaluate the recovery of APIs and the removal of saccharides.
Sample Analysis
The quantitative analysis of API was performed by UPLC method (22) . A Waters Acquity UPLC system (Waters, Milford, MA, USA) coupled with an Acquity UPLC HSS T3 column (100 mm×2.1 mm, 1.8 μm) was used. The mobile phase consisted of 0.02% (v/v) phosphoric acid in water (A) and 0.02% (v/v) phosphoric acid-80% (v/v) acetonitrile in water (B). The separation of samples was achieved using the gradient elution program as follow: 9-22% B at 0-1.6 min, 22-26% B at 1.6-1.8 min, 26-39% B at 1.8-8.0 min, 39-9% B at 8.0-8.4 min and 9% B at 8.4-10 min. The solvent flow rate was 0.4 ml/min and the column temperature was kept at 40°C. Peaks were recorded at 280 nm.
The determination of saccharides was performed using the phenol-sulfuric colorimetric method established by Dubois et al. (23) , and glucose was used as a standard. Of the sample or standard solution, 1.0 ml was transferred to a conical flask, and then 2.0 ml of 3% phenol solution was added followed by 10.0 ml of 98% sulfuric acid. The operation was performed under magnetic stirring to make the system mix well. The mixture was then kept in a water bath of 30°C for 1 h and the absorbance of the solution was measured at 490 nm using a T6 UV-vis spectrophotometer (Beijing Purkinje General Equipment Co., Ltd., China). The saccharide content was expressed as glucose-equivalent saccharides in weight. 
RESULTS
Effects of the Potentially High-Risk Factors on the Recovery of APIs
The experimental results of API recovery at each run are displayed in Table V . Response surface models were developed to evaluate the effects of the design factors on the recovery of each API and the parameter estimates for the terms of each model are listed in Table VI . It can be seen that concentrate density and the second-order concentrate density have the significant impacts on the recovery of all the APIs (p values< 0.05). The main effect of ethanol consumption shows significance on the recovery of DSS, SAB, and PA, while is insignificant on the recovery of RA. The term of quadratic ethanol consumption has apparent effect on the recovery of PA. Settling temperature has the significant impact on the recovery of DSS, SAB, and PA. The second-order settling temperature is significant on influencing the recovery of RA and PA. All the interaction terms are not significant with their high p values. Figure 3 shows how the design factors impact the recovery of APIs based on the established models. It can be observed that increasing density of concentrate leads to rapid decrease in the recovery of each API, indicating that the input material with higher density will cause more losses of APIs during the process of ethanol precipitation. Higher settling temperature results in higher recovery of DSS and SAB (Fig. 3a and c) . On the other hand, as the increase of ethanol consumption, the recovery of DSS and SAB decreases. The effect of settling temperature on the recovery of SAB is smaller with the lower ethanol consumption, while the effect of ethanol consumption on the recovery of SAB is larger with the lower settling temperature, as shown in Fig. 3c . With the rise of ethanol consumption, the recovery of PA increases gradually, which is contrary to that on the recovery of DSS and SAB as illustrated in Fig. 3d . Increasing settling temperature makes the recovery of RA and PA first decrease and then increase (Fig. 3b and d) .
Final models fitted for the recovery of each API were established after the insignificant terms were removed. Analysis of variance (ANOVA) was performed and model-fit statistics are shown in Fig. 4 . The large value of R 2 for each model indicates a very good fit. Models are significant with small p values.
Effects of the Potentially High-Risk Factors on the Removal of Saccharides
The primary aim of ethanol precipitation is to get rid of saccharides. The content of total saccharides in concentrate and the supernatant yielded from ethanol precipitation operation was measured and the experimental data for the removal of saccharides was listed in Table V . Response surface model was established, and the estimated parameter of model terms is shown in Table VII . It can be seen that ethanol consumption most significantly impacts on the recovery of saccharides, followed by the density of concentrate and the second-order concentrate density. Figure 5 displays surface plots for the effects of the variables on the removal of saccharides. Ethanol consumption is the most significant term that influences the removal of saccharides (p value in Table VII ). It can be observed that higher ethanol consumption leads to higher removal of saccharides, while lower ethanol consumption results in lower removal of saccharides, indicating that more ethanol could precipitate more saccharides. As shown in Fig. 5a , increasing density of concentrate can also rapidly increase the removal of saccharides and the effect of density on the removal is larger at the lower level of ethanol consumption than that at the higher level of ethanol consumption. From Fig. 5b , it can be seen that decreasing settling temperature at lower ethanol consumption leads to a gradual increase in the removal of saccharides. While at the higher level of ethanol consumption, the change of settling temperature does not appear to impact on the removal of saccharides significantly. The final model was established after the insignificant terms were removed. ANOVA results were summarized in Fig. 6 . R 2 of 0.87 indicate a good model fit, and the model is significant with p value <0.0001.
Design Space
Essentially, QbD involves identifying critical input material attributes and process variables and determining the relationships linking these factors to product CQAs to establish the design space of process. According to ICH Q8 guideline, design space is "the multidimensional combination and interaction of input variables (e.g., material attributes) and process parameters that have been demonstrated to provide assurance of quality". Regardless of how a design space is developed, it is expected that operation within the design space will result in a product meeting the defined quality (2) . There have been many reports on the development of design space. Lepore and Spavins (24) outlined the steps and elements for determining a design space for pharmaceutical products. Boukouvala et al. (25) proposed the approaches for defining design space based on different data-driven modeling techniques. Huang et al. (26) used a combination of DOE and multivariate analysis to establish design space for Fig. 3 . Effects of design factors on the recovery of each API: a interaction profile for each factor on the recovery of DSS; b surface plot for the effects of settling temperature and concentrate density on the recovery of RA with ethanol consumption at center level; c interaction profile for each factor on the recovery of SAB; d interaction profile for each factor on the recovery of PA ensuring desired CQAs. In our work, response surface methodology was applied to develop design space for the unit operation of ethanol precipitation. The potentially high-risk factors, including the density of concentrate, ethanol consumption, and settling temperature were identified by the risk assessment, and their relationships to the performance of ethanol precipitation were established by DOE. A satisfactory design space for a unit operation should meet the specifications of all CQAs to ensure that when the process is run within the proposed design space, product of desired quality can be produced. In this study, as the criteria to evaluate the performance of ethanol precipitation, the recovery of each API and the removal of saccharides were taken into consideration to develop the design space. Specification of each response was set up according to the knowledge obtained from industry, as listed in Table VIII . Each specification can be used to achieve an independent design space for its respective response. These separate design spaces were then overlaid, and the resultant space within which all specifications are met would represent the proposed design space. In this study, an orthogonal design space for ethanol precipitation was established, as illustrated in Fig. 7 . The ranges of these factors for the orthogonal design space were: density of concentrate to be 1.20-1.21 g/ml (at 20°C), ethanol consumption to be 2.6-2.8 ml/ml, and settling temperature to be 12-15°C. This design space can provide new knowledge about the unit operation of ethanol precipitation.
DISCUSSION
The losses of bioactive components in the ethanol precipitation of danshen have been observed in the previous work (8) . It is important to understand the effects of the studied factors on the losses of APIs under the framework of QbD. The density of concentrate has the significant impact on the recovery of each API in that with the rise of concentrate density, more bioactive components are lost (Fig. 3) . A possible reason is that during ethanol precipitation, the depositing particles will absorb the active components due to electric effects and their complicated interactions (7) . As shown in Fig. 5a , higher density of concentrate makes more saccharides precipitate, leading to a mass of depositing particles. These particles can exert significant absorbance on the active ingredients. Therefore, more APIs are precipitated at the higher level of concentrate density. With the rise of ethanol consumption, the recovery of DSS and SAB decreases ( Fig. 3a and c) .
One potential cause for this phenomenon is that more particles resulted from higher ethanol consumption could absorb more active components, as discussed above. Another potential explanation proposed by Gong et al. (8) is that DSS and SAB are phenolic acids, and these phenolic acids are extracted from materials in the form of ions, which are less soluble in the solutions of ethanol-water than in pure water. Therefore, higher ethanol content makes more of these compounds precipitate. On the other hand, PA has the highest recovery among all the active compounds (more than 80%), and with the increase of ethanol consumption, the recovery of PA increases (Fig. 3d) , which is different from DSS and SAB. It may be due to the fact that PA is a kind of aldehyde, which exists in the form of molecular instead of ion naturally, and the solubility of PA molecular is higher in ethanol-water solutions than in pure water (27) . Therefore, the supernatant with higher ethanol content could dissolve PA from precipitate over again. These results indicate that the mechanisms of the losses of bioactive components are complicated and different compounds behave in different ways during ethanol precipitation.
With the rise of ethanol consumption, the removal of saccharides increases (Fig. 5) . This can be explained by the fact that many kinds of saccharides are less soluble in ethanol solutions than in water, and the solubilities of saccharides decrease with the increase of ethanol content (28) (29) (30) (31) . Therefore, more ethanol consumption could precipitate more saccharides in our experiments. Lower settling temperature leads to higher removal of saccharides. It is because the solubilities of a number of sugars decrease as the decrease of equilibrium temperatures (30, 31) . Settling temperature has the significant impact on the removal of saccharides at the lower ethanol consumption, but the impact seems insignificant at the higher ethanol consumption (Fig. 5b) . The aim of refrigeration procedure is to further remove the impurities that are not precipitated by the addition of ethanol. The more residual impurities are left in supernatant, the more they can be removed by refrigeration procedure, which indicates a significant impact on the removal of impurities. At the higher level of ethanol consumption, most of saccharides are already precipitated by the addition of ethanol (more that 75%, as in Fig. 5b) , leaving a small amount of saccharides in the supernatant prior to refrigeration procedure. As the result, the impact of settling temperature on the removal of saccharides is not obvious. It indicates that increasing ethanol consumption can compensate for the impact of settling temperature on the removal of saccharides.
As discussed above, the density of concentrate had the significant impact on every response, in that with the rise of the density, the removal of saccharides increases, but the recovery of APIs decreases. On the other hand, higher level of settling temperature leads to higher recovery of APIs, while results in lower removal of saccharides. Increasing ethanol consumption increases the removal of saccharides, but decreases the recovery of DSS and SAB. These results show that the operating conditions in favor of removing saccharides may cause more losses of bioactive components. Therefore, the recovery of APIs and the removal of saccharides cannot reach high levels simultaneously.
According to ICH Q8 guideline (2), design space is a combination and interaction of input variables and process parameters that provide assurance of product quality. Process is able to deliver desired products when operated in design space. The quality of botanical drug products usually suffers from high variability, which is profoundly related to the variation of chemical constitution. To improve the consistency of product quality, it is necessary to setup the specification of each response and map the design space of ethanol precipitation. It has to be noted that response specifications definitively affect the establishment of design space. As pointed out before, the combination of parameters leading to high recovery of APIs could result in low removal of saccharides and vice versa. To produce the products with required safety and efficacy, the process design space should situate both API recovery and saccharide removal in moderate levels. The specification of each response with approved scale was proposed using the knowledge from industry (Table VIII) and an orthogonal design space was generated based on the specifications. According to Fig. 7 , it can be seen that the desirable parameter ranges which meet the specifications are wider than the defined orthogonal design space. The orthogonal design space for a unit operation is more feasible than the one that is mathematically expressed, and makes it simple for manufacturing process control. Actually, if creating an orthogonal space dose not significantly narrow the design space, then an orthogonal design space can be proposed (32) . As a large part of the desirable parameter ranges has been covered (Fig. 7) , the orthogonal design space generated is regarded as the design space for the ethanol precipitation unit operation. The proposed design space will promote the process understanding and is crucial for pharmaceutical industry to develop a robust operation of ethanol precipitation. The design space can be further refined based on additional experience obtained during commercial manufacture.
It is necessary to develop a proper control strategy for ethanol precipitation under QbD paradigm. The control strategy is defined as "a planned set of controls, derived from current product and process understanding, that assures process performance and product quality" (33) . In our work, the control strategy for ethanol precipitation arises from the process characterization studies and the established design space, aiming to maintain the recovery of APIs and the removal of saccharides within the specifications (Table VIII) to ensure the consistency of product quality. To achieve this target, the density of concentrate, ethanol consumption, and settling temperature will be controlled. The acceptable ranges of these operating factors were established in the form of design space. As the input material of ethanol precipitation, concentrate is the output intermediate from upstream unit operation, which is concentration process, and the attributes of concentrate depend heavily on the performance of the upstream process. Therefore, a well understood and controlled concentration unit operation is crucial to situate the density of concentrate in the range of 1.20-1.21 g/ml (at 20°C). For ethanol consumption, a flowmeter can be selected to determine whether the end point of ethanol addition process is reached. Near-infrared spectroscopy has proven to be an efficient tool for inline monitoring of ethanol precipitation process, in that the faults occurring in initial density of starting materials and the volume of ethanol could be detected (34) . During the refrigeration procedure, a thermostat can be employed to ensure that the settling temperature remains within the acceptable range (12-15°C). The development of control strategy is considered as a dynamic activity, which means that the new knowledge gained from lab or routine manufacture in the future will be utilized for the continual evolvement of the control strategy.
CONCLUSION
This case study demonstrated that QbD is a powerful tool in improving the knowledge of the relationships between potentially high-risk factors and the performance of ethanol precipitation. It was found that operating conditions which promote the removal of saccharides will likely cause more losses of bioactive components. Therefore, the recovery of APIs and the removal of saccharides cannot reach high levels simultaneously. The mechanisms for the losses of active components are complicated, partly related to the chemical and physical properties of bioactive compounds. The potential design space that met the predetermined specification of each response was defined. The process characterization studies and the design space provide opportunities for establishing control strategies of ethanol precipitation. It is envisioned that Fig. 7 . The illustration of the design space for ethanol precipitation (settling temperature at 15°C): white area the desirable parameter ranges that meet the specification of each response, rectangle area the established design space of ethanol precipitation developing manufacturing process of botanical drug products under the framework of QbD not only enhances process understanding, but also facilitates the optimization and control of process to produce the products with desired quality.
